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The ana lys i s  of thc Scout R - 4  F l igh t  T e s t  \vas based  on the p r e l i m i n a r y  inf0rrr .a- 
t ion suppl ied b y  N.4S.A in a I.nr.glcy \Vorking P a p e r  ( r e f .  T h i s  r e f e r e n c e  
r c p r e s e n t 5  it c.ori:pIcatc: a r i d  cxtrcriicly v.iIu;ibie s e t  of dnt,i origin;l t inq 1ror:i n 

v e r y  successit11 i1igl:t t i . i t. 

1 ) .  

The  object ive of thc Avco d a t a  in te rpre ta t ion  p r o g r a m  w a s :  

1. 
ance .  

Dcterni inat ion of the Avcoat 5 0 2 6 - H C / G  heat sh i e ld  i i iateri i t l  p r r f o r n i -  

2 .  
hea t  sh ie ld  des ign .  

Deter~i i in , i t ion  of the inip.ict of the fl ight t e s t  r e s u l t s  on the Ap0110 

With the ab0i.e ob jec t ives  i n  niind, the following approach  \vas adopted:  

1.  The ground t e s t  information per ta ining to  the m a t e r i a l  cha rdc te r i za t ion  
and  perforni ; inrc  \ v a s  rcviewcd.  T h i s  included: ( a )  the m a t e r i a l  p r o p e r t i e s  
and  ablat ion c h a r a c t e r i s t i c s  rev iew;  and (b)  expe r imen ta l  ver i f ica t ion  by 
m e a n s  of ground s imula t ion  of flight t r a j e c t o r y  of the tx.0 theo re t i ca l  models  
of  ablat ion and hea t  conduction used i n  pe r fo rmance  p red ic t ions .  

2 .  Tllc. f:ig]it $c-c: .I-' .t;-n ?I.-.? - ~ r r \ c ~ : n n  r n q c n r  dpt-4 t]?*pilgh th r  
pe r iod  of t he i r  functioning w e r e  examined  and c o m p a r e d  with the s t anda rd  
dcs ign  techniques u s e d  f o r  predict ions.  

3. The  fl ight t e s t  t e m p e r a t u r e  s e n s o r  data w e r e  examined  in tv;o phases :  

a .  
taneoiis pred ic t ion  of r eces s ion  and t e m p e r a t u r e  r e sponse  is  feas ib le  
and  amendable  to  compar ison  with f l ight  in format ion .  

Throughout  the pe r iod  of ablat ion s e n s o r  functioning where  s i inu l -  

b. Af t e r  the ab la t ion  s e n s o r s  s topped functioning when the above 
c o m p a r i s o n s  a r e  l e s s  amenable  to s imul taneous  ablat ion and t e m p e r a  - 
t u r e  r e s p o n s e  ana lys i s .  

Th i s  divis ion into tLvo p h a s e s  h a s  the f u r t h e r  m e r i t ,  in that  the compar i son  of 
Apollo and Scout fl ight env i ronmen t  i s  m o r e  meaningful  during the f i r s t  phase .  
I n  the second the envi ronnients  differ rad ica l ly ,  the Scout env i ronmen t  being 
much  m o r e  s e v e r e  than Apollo.  

4. 
sensor data  v;as a s s u m e d ,  and theore t ica l  pos tu la tes  w e r e  made  to  i n t e r -  
p r e t  the feas ib i l i ty  of such o c c u r r e n c e ;  and f inal ly  

The  upper  bound of the r eces s ion  a s  i n f e r r e d  f ron i  the t en ipe ra tu re  



5. 
unexplainable  fc:shiLin. the il:ght da ta  \yere  i a c t o r e d  into Apollo hea t  shie!d 
des ign  to d e t e r m i n e  the design change r e q u i r e m e n t s  i f  nny. 

On the assunip t ion  that the u p p e r  bound was  indeed achieved  in  ho\\-ever 

In the in t e rp re t a t ion  of the fl ight tes t  da t? ,  i t  i s  necess i i ry  to emph;is ize  the 
r;ecd fo r  siri iultaneous t r e a t m e n t  of the  ab la t ion  ( r e c e s s i o n )  and  t e rzpc rn tu re  
r e s p o n s e  to  a r r i v e  a t  r;ieaningful concltisions r e l a t ive  to the r i ia ter ia l  p e r f o r m -  
ance .  The  effect  of the fl ight env i ronmen t  on the m a t e r i a l  p e r f o r m a n c e  m u s t  
a l so  be taken into account  when applying r e s u l t s  f r o m  a p a r t i c u l a r  f l ight to  
a n o t h e r  vehic le  t o  be exposed  to  a vas t ly  d i f fe ren t  s e t  of env i ronmen ta l  f l ight 
condi t ions.  

. 
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2 .  0 B.4CKCROUND D:\TA 

i -  
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. 

2. 1 HEAT SHIELD 1IATERIAL PROPERTIES A N D  CIjARACTERISTICS 

Thtt b a s i c  r equ i r e inen t  for  p r o p e r  utilir.ation of thc hca t  sh ie ld  dcs ign  riiod(Bis i s  
the knowledge of the  t h c r m s l  Find optical  p r u p e r t i e s  a n d  ab la t ion  ch ; : rac te r i s t ics .  
T h e s e  p r o p e r t i e s  ;Ind chnrac t e r i s t i c s  have been eva lua ted  in Axrco ground t e s t  
f ac i l i t i e s  fo r  conditions appl icable  to  Apollu. 
e r t i e s  a s  used  in the Design 1:odel is ,given in  table  I. I t  should be noted t h a t  
t hc rn ia l  conductivity a s  used  in the Design hlodel i s  a function of teri-iperature 
\v h i c h ref 1 e c t s the m a  te r ia 1 c h ;I r ring ch n r n c te r i s t i  c s . S 11 r f ;I ce te 111 pe r a t r c is  
se l ec t ed  a s  a iurlctlon 01 the hca t  flux. 
t u r e s  ( se l ec t ed  for  pref l ight  evaluat ions)  oi 4000 and  4500°F  u e r e  bel ieved to 
b r a c k e t  the ac tua l  su r f ace  t empera tu re .  
5026-39/HC-G a r e  a lso shown in table I. 

A sum1nary of thc thern i<: l  p rop -  

F o r  the Scout vehic le ,  Ablation teti iper;t-  

The ablat ion c h a r a c t e r i s t i c s  f o r  Avcoat  

TABLE I 

DESIGN PROPERTIES FOR AVCOAT 5026-39 /HC-G 

De tis i t v ,  ' 1 b / i t  3 
The r 1-n a 1 C o ndu c t i v i t y , B T U  / h r - f t - F 

Specif ic  Heat ,  B T U / l b - " F  
E m i s s i v i t y  
Ablation T e n i p e r a t u r e ,  OF 

LAMINAR ABLATION CHARACTERISTICS 

T r a n s p i r a t i o n  Coefficient 
H, 3 Cp .IT 

T U  P, I3 U L. E N T A D LA T IO N C I -I A R .A C T E R IS TICS 

T r a n s p i r a t i o n  Coeff ic ient  
H, -t Cp I T  

30. 8 
0. 058 Virg in  Xlater ia l  
0 .  12 Fu l ly  C h a r r e d  
0 . 3 5  
0 . 7 5  
4, 000 lmver  l imi t  
4, 500 upper  l imi t  

0 .997  
- 4 4 2 . 0  

0 .359  
1209. 0 

- 3 -  
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7 !ir. ; l ~ ~ u r ~ c y  of the 1:c;it shicld d f s i g n  p r o c e s s  cannot be rigoroiibly e\.;iIi::ttcd 

of  the a c c u r a c y  o f  hea t  sh ic ld  design p rocedure  can  be obtained b y  coniparirig 
px-i,dicted and m e a s c r c d  su r face  r eces s ion  and  t e m p e r a t u r e  d;itit for  con t ro l l rd ,  
c::rcfull)- conductcd g r o u n d  t e s t s .  T h i s  type of conipar i son  h;is b e r n  coiripletcd 
ri .ptlatcdly a t  Avco RAD using the OVERS a r c  fticility \\,hich is c:ipable of achic \ , -  
i n g  hec i t  f luxes rangin ; :  irorri 5 to 300 B tu / f t2 - sec  for  stagna+.iori cnthalpy cundi-  
t ions ranging f r o m  7000 to 20, 000 €3tu/lb. 

f . - .  "r  r e a l  m a t e r i a l s  in t ra :?s icnt  ab la t ion  condi t ions.  I iowever ,  ;i g o o d  indicat ion 

E x a m p l e s  oi the c o r r e l a t i o n  betureen p red ic t ed  and n i e a s u r e d  va lues  a r e  shotvn 
in i i p u r c i ;  1 and  2 .  Figi i rc  1 S!IOL~S the r e s u l t s  of :I cons tan t  hea t  f l u s  t e s t .  
Prcdict ic jns  for  the D c s i g n  1ilodei ( P r o g r a m  1 3 2 7 )  a r e  sho\vn a s  <!;?shed l i nes .  
the sol id  l ines  a r c  cor responding  predict ions obtained f ro in  the A \ ~ c o  R A D  ChFr - 
ring, Ablation hlodel ( P r o g r a m  1600) ( re f .  2) .  The syn;bc) ls  indicate  teiriperatrire 
as m e a s u r e d  by therr:iocouples. In gene ra l ,  the D e s i g n  hlodcl t en ipe ra tu re  p r e -  
dict ions a r e  h igher  t h a n  the Charr ing Ab1;Ition l l o d e l  p red ic t ions  Xvhich a r e ,  in 
t u r n ,  in good a g r e e m e n t  with the i i ieasured va lues  o r  s l ight ly  h i ehe r .  S in i i la r  

i n g  f r o m  20 to  270 Btu/ ' f tZ-sec ;In<! for s tagnat ion en tha lp ies  of 10, 000 ;ind 20, 000 
Btu/ lb .  
conserva t ive  f e a t u r e  cons ider ing  the backface terr iperature  r e sponse  a s  a des ign  
c r i t e r ion .  

I,,--..? .. f ~ , ~ ~ ~ ~  c C . t ~ i y ? r j  <roT: b,  t f l < i : ; ~ s  r a n g -  

The  fac t  that  p red ic t ed  v?.lues exceed  m e a s u r e d  v a l u e s  i s  of c o u r s e  a 

To  e \ a l u a t e  the effect  o f  R t r ans i en t  heat p u l s e  and enthalpy on the a c c u r a c y  of 
the t\so ana1ytic;tl riiodcls, a ii1;e -s tep ( i n  both heatinri and enthalpy)  t r a j e c t o r y  
s imula t ion  was de\ . ised for an OVERS t e s t .  
tain a per fec t  rnatch oi the r e e n t r y  heat f l u s  and enthalpy h i s t o i i e s ,  a v e r y  good 
s imula t ion  of HSE -3.4 \cas produced for Apollo body s ta t ion  300, the rift n iost  
locat ion on the windward n ic r id ian  of the c rew compar tmen t .  The  compar i son  
of ana ly t ica l  p red ic t ions  and exper imenta l  n i easu ren ien t s  of t e m p e r a t u r e  arid 
su r face  r e c e s s i o n  f r o m  this  sit1:ul;ite-d e n t r y  c a s e  a r e  shown in f igure  2 .  
be s e e n  tha t  fo r  a l l  depths  the D e s i g n  Xlodel o v e r - p r e d i c t s  the te r i ipera ta re  
r e sponse .  
klodcl  is a lso conservati1.e for a l l  depths. 
comple ted  t e s t  of th i s  type,  the t e s t  technique h a s  not been per fec ted .  
lic1,ed thiit ana lys i s  of fu ture  t e s t s ,  where  be t t e r  cont ro l  and ca l ibra t ion  have 
been obtained,  will  shoxv e\ 'en be t te r  a g  reernent  a t  a l l  therrnocouple  depths .  
Cha r r ing  Ablation hIode1 is  a lso being improved ,  as  m o r e  inforrriation on*the 
r e q u i r e d  p a r a m e t e r s  i s  f a c t o r e d  into the ana lys i s .  

Although i t  was not poss ib le  to  ob- 

I t  can  

Excep t  fo r  those thermocouples  a t  0. 30 and 0. 50 inch,  the Char r ing  
Since th i s  \ v a s  the f i r s t  succcss fu l ly  

It i s  he -  

The 

- 4 -  
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The ana lys i s  of thc Scout  flig?:t t e s t  data  \':as s e p a r a t e d  in to  t\vo p i i r t s ;  thc f i r s t  
dcscrii,i!i2 t!:e rt.suits \:p to ;\bout 480 scc,.:nds (1;lst abl;!tion setisor d;:t;i p o i n t ) ,  
thc seso:id d e 5 c r i b ; n ~  the r e s u l t s  bcyo:-td 480 seconds ,  \\;here only tc~: t ipcr :1tur~~ 
s e n s o r  da t a  a r c  a \ ~ a i I a b l e .  

3. 1 

.. 

COR RE I .A TION ( A  R L A  TION SENSOR S O P E R A T I V E )  

3.  1 .  1 Su r face  R e c e s s i o n  and T e m p c r a t u r e  __--- 

An exce l l en t  c o r r e l a t i o n  of s u r f a c e  r e c e s s i o n  ,ind t e m p e r a t u r e  in depth 
through the hea t  sh i e ld  \vas obtained u p  through appruxinintcly 480 seconds .  
The  r e s u l t s  of the s u r f a c e  r e c e s s i o n  c o r r e l a t i o n  a r e  p r e s e n t e d  in f igu re  3 ,  
exan ip ie s  o f  the t e m p e r a t u r e  co r re l a t ion  a r e  shown in f i p u r e s  4 throueh 7. 

The  p red ic t ed  s u r f a c e  r e c e s s i o n  through 480 s e c o n d s  (shov:n in f igure 3 )  i s  
p r e s e n t e d  fo r  a s s u n l e d  (constant)  ablat ion t e m p e r a t u r e s  of 4000 and  45OO'F' 
va lues  s e l e c t e d  ior both preflight a n d  postfl ight anrilysis.  
tha t  a l l  the iihlation data  ( b r e a k  \v i re )  a n d  c h a r  data  ( rnake Lvire) fa l l  Lvithin 
the span ~i the t1L.o pred ic t ions .  
i t  a p p e a r s  tha t  the  t r u e  s u r f a c e  teniperr l ture  f o r  t h i s  per iod  W ~ I S  about  4 3 0 0 ° F  
The makc w i r e  r c s u l t s  \vhich indicate the t i m e  a t  which the c h a r  Secorncs 
e l e c t r i c a l l y  conducting cannot  tie used to deduce the locat ion of thc t r u e  
receding surfi ice.  I lowever ,  conside r a t ion  of the l ikely c h a r  conducting 
t e m p e r a t u r e  ( 1 2 0 0 ° F  o r  m o r e )  and the m e a s u r e d  c h a r  depth (shown s u b s e -  
quent ly  i n  f igure 10) m a k e  it possible  to  conclude tha t  t h e s e  s e n s o r s  a l s o  
tend to  p r e d i c t  a n  ablat ion t c m p e r a t u r e  of the  o r d e r  of 4 0 0 0 ° F .  

I t  can  be s e e n  

If only the b r c a k  \ v i r e  dntn a r e  cons idc red ,  

S u p e r i m p o s e d  on f igu re  3 i s  the strtgnation p r e s s u r e  h i s t o r y  2 s  co:iiputcd 
f r o m  a knoxvledge of the t r u e  flight dynamic  p r e s s u r e  h i s to ry .  Since the 
make  a n d  b r e a k  g a g e s  a r e  located n e a r  the longitudinal ax;s  ( the  s tagnat ion 
point f o r  a t r u e  nominal  flight) the local  p r e s s u r e  a t  t h e s e  s e n s o r  locat ions 
i s  roughly equlil t o  the stagnation p r e s s u r e .  
o b s e r v e  th;it the dcBsipn model  c o r r c l n t e s  sur i l ice  r e c e s s i o n  accur,itcl:: dur ing 
th i s  per iod  when the l o c i ~ l  p r e s s u r e  i n c r e a s e s  to  o v e r  3 a t m o s p h e r e s .  
e r e n c e  to  f i g u r e s  4 through 7 shows the equal ly  good c o r r - l a t i o n  between 
t e s t  and p r e d i c t e d  t e m p e r a t u r e  in depth.  
0. 70-inch thermocouple  depth,  the Design klodel p red ic t ions  m a t c h  or  over  - 
p r e d i c t  the  t e m p e r a t u r e  in a ilianner cons i s t en t  with pre\riousl)- c i ted ground 
t e s t  r e s u l t s .  T h e  s imul taneous  c o r r e l a t i o n  of surfi tce r e c e s s i o n  and t e m -  
pe ra t . u re s  in dcpth indicate  the  validity of both the ana ly t i ca l  model and the  
a s s u m p t i o n s  and  inputs  u s e d  in the model  f o r  u s e  on Scout h e a t  shield p c r -  
fo r lnnnce  p red ic t ions .  
and the desc r ip t ion  o f  i n t e rna l  heat  cundriction a r e  s u i i i c i e i ~ t l y  ;iccur,ite i u r  
d e s i c n  p u r p o s c s .  

I t  i s  e x t r e m e l y  iriiportiint t o  

Rei -  

I t  m a y  be s e e n  tha t  except  f o r  the 

It i s  a s t rong indicat ion tha t  the s u r f a c e  hca t  balnnce 

Substi tution of a r t i f i c i a l  r e c e s s i o n  npprosirii;itions : n a y  
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'The Scout  , i \>!rtts>r sliri;lcc: rece.=siLjn r c t t e  du r in r  fl ight ri:a\. be c o r r e l a t e d  
~ v i t h  gro i i r id  tr.st p r c s s i i r e - r e c e s s i o n  d:,ta as sho\vn in i i cu re  8. 
t e s t  correlr i t ion .IS indic;t tcd b-; t h c  sol id  line was  cv~t Iu : i t<~cl  frcrr. s t czd )  stdtc 
;i!>l;ition t e s t s  coi iducted in the A v c o  R.L\D OVERS ttnd .l!oci(.l 5 0 0  a r c  fac i l i t i es  
wrhich h;i\-c ;, st,i;in;itio:i pressl . irc c,ip.ibility- ranging o v e r  rouqhly 3 o r d e r s  
of iiiagnit!ir!c (ircJrii 1 0 - 3  to  I t t t~ i io sp~- , e rc ) .  
expcrii i icntri i  d, , t , i  i s  shown by  the h r s .  B;lsed on this  cor r i . l a t ion ,  thc I / L  
power relati(Jnslsip t,etween s u r f a c e  r e c e s s i o n  ( s )  Find p r e s s u r e  (p)  u sed  for  
the Char r ing  Ablntiun Llodel was determined. 
peak st;ignation p r e s s u r e  f o r  the Apollo HSE-3A (ticsign) t r a j e c t o r y  fa l l s  Lrith- 
i n  thc extret7:cs o f  t h e  t e s t  d;tta v:hilc thc .A,pollo I-ISE-6 (undershoot )  t r ; l j cc-  
t o r y  i s  s l ight ly  t x y o n d  the hlodcl 500 p r e s s u r e  ciipnbility. Si i t i i lar ly ,  the 
Scout  rioiiiin;i: trLtjcctory pe;Ik s t acmt ion  pressure '  i s  a l s o  outs ide  the t e s t  
da t a  range .  

The  grorind 

The  spre;rcI c ) i  the, g round t e s t  

It should be noted that  the 

If i t  i s  assu l l ied  that  the ablat ion terr-:peratlire for the per iod  u p  to  -180 seconds  
is -1300°F ; I S  deduced previous ly  iron1 f l ight  da t a ,  the r e c e s s i o n  riitc- pi:r;lnl- 
e t c r  for Scorit i i i , ~ y  be plotted ;LY s11cnt.n (bv  th r  c i r c u l a r  s ) . r i iho ls )  on  f i ?u rc  8. 
T h e s e  r e c e s s i o n  d,itri fall  belo\:! the gro!ind t e s t  co r re l a t ion  cven  up to i t t  

l e a s t  3 atl?iC~spherCS. 
p red ic t ed  b y  the Char r ing  Ablation ?.lode1 \voiild exceed  thilt indicated for 
Scout  through the in i t ia l  phase o i  the Scout  r e e n t r y  t r a j e c t o r y .  

Based  on these r e s u l t s ,  i t  i s  , ipparent  t h a t  r e c e s s i o n  

3 .  2 CORREI,ATION(~~r \LLATION SENSORS I N O P E R A T I V E )  

The. a n a l y s i s  of thc su r face  r e c e s s i o n  nttc3r 480 seconds  cannot be corrlpleted with 
confidence s ince  no ab la t iun  data w e r c  m e a s u r e d  f o r  depths  be)Qnd 0. 45 f r o m  
the o r ig ina l  OhqL. Recess ion  may  be i n f e r r e d  f r o m  theory  o r  fro111 the m e a s u r e d  
tennpera turc  data nca r ly  a11 of which is i o r  the outboarti  ther tnocouple  loca t ions  
( 1  I "  36' f roni  the !iincitudiri;il ax i s ) .  

The  difficulty o f  deducing the t rue  ;iblrited depth froiii tcrnpcr;r turc  nrea s!ire - 
nients  (pnrticu1;irly when thc indicated t e m p e r a t u r e  i s  low, i. e . ,  l ess  than 
2000°F)  is  indicated i n  f i g u r e s  9 arid 10. 
the  terilpcriitLire h i s t o r y  predict ions shwvn in f igu res  4 through 7 along u , i t h  
the p red ic t ed  r e sponse  fo r  o the r  deptIis in the ah la to r .  
the  ten iper ; l tu res  a t  a l l  depths iron? 0. 50 to 0. S O  inch \t.ould dcmon-  
s t r a t e  ;i rap id  i n c r e a s e  a s  the recpdinc surf ; ice  ; ~ p p r o a c h c s  tha t  depth.  
ou t  consitl(ariiic ti:? r:tti. oi suri'icc rI-,ccssioti, thc ih'ir t h i ckness ,  and the, 

F i g u r e  9 i s  J rc.constri ictiun of 

It i s  appa ren t  t1i;tt 

JVith- 
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clt.pth n t  cs<(.::ti  1 1 1 )  \ . i rgi i i  ;tbl:itor bc . t \ vc :>n  thc c h a r  f r< ,n t  and a typical  i s u -  
t h e r n i  such  n e  1000 o r  L j O ' F ,  it iiiiqht be coiicludeti that  an  indir;:tion of 
r;lpid ter-ipcrsturc? r i s e  znd t h e  tinic o i  s u r f a c e  r e c c s  sion throtigh tha t  depth 
a r e  synonyl1ir):is and cuincident .  T h c  in , iccur , icy oi this  nssriniption m a y  
; ) c  di.tc.rii-iincrl fr ,) i : i  ;i cott:p;irison I 8 f  thc f l ich t  tcs :  sur i ; ic i .  r c c c s s i o n  (i..-hile 
t l i c  a!>!.jtion > G l ~ ~ , - ; o r ~  u.crc  o p e r : t t i v ~ )  ,I.:<! tc,:!iper::trirt d;its a s  . . ;ho \ t .  n in fig-xrc 
10. 
f ront  the trut. (ii1st;intaneous) receding s u r f a c e .  
Scout  t rn j t>c to ry ,  \\There the hea t  i l r ls  ;ind cnthalpy ch.inge r,ipic!ly \vith t i n i t .  
the  dctpth of ;I p;t r t i c t i l a r  i~oth t - r r : i  c h a n c e s  r;ipidly \vith tiriie. ' I,.or esnniplc:, 
nssu:i i ing t1;;tt cli;irring taicL--> place s t  h O O " F ,  i t  c an  bc st .( 'n thiit the c h a r  
depth incrc;ts;cs e a r l y  i n  f l ight ( u n t i l  the s u r f a c e  Iicgiiis to  r ecede  rap id ly)  
a n d  then begins to dccreAse  ;is thc tcn1per; i ture  griidient 11i~coriii.s s t c c p c r  
and  the su r face  r e c e s s i o n  r;tte r e a c h c s  ;I niaxiIitunt, 2:; It  should be noted 
tha t  a t  480 seconds ,  the c h a r  i s  about 0. 050 inch thick whilc thc d is tance  
t o  the 350°F'  i s o t h e r m  is  f r o m  0 .060  to  0.  070  inch \vhich i s  i n ' f a i r  a g r e e m e n t  
viith fl ight d;it;t. I t  ma\- b t -  shmvii thr.orctic;i l ly that  a1tc.r peak r c c e s s i o n ,  
which o c c u r s  roiighly frorii .i80 to 48 1 s econds ,  the cha r  dcpth \v(.>rild i n c r e a s e  
aga in  arid \+.roi,ld continue to  ~ r o l i '  even  ; l i ter  heat ing hits t e r r i , i n * ~ t e d  ; I S  the 
hea t  diffuses  into the reniaininp unc l i s r red  i iblator .  At ground iiiip:ict the 
c h a r  depth i s  p red ic ted  to  he  about 0. 15 inch. 
i s o t h e r m  1oc;ition \\.auld bc ;ipproxinizttely 0. 20 to  0 .  25  inch b a s e d  on Design 
hlodel pred ic t ions .  
cb tz  oht;iing-d i n  fl i ; ;ht  ~ . n d  intlic;?tc s o u r c e s  of e r r o r  o thc r  than therriiudynar-nic 
desc r ip t ion  of the sb la t ion  and heat conduct ion p r o c e s s .  

?'his f igarc  p r e s e n t s  tlic penctr;+ti<,n depth h i s to ry  of a givtin i s o t h c r i ~ i  
It can be s e e n  : h i i t  f o r  the 

The depth to the 350°F' 

Th i s  estim;itr! is not in good ngreeritent w i t h  1Iic t es t  

The d i sc repancy  between predic ted  and o b s e r v e d  va lues  i n c r e a s e s  \\rith both 
fl ight t i m e  and thermocouple  location depth.  
of l a rge  anglc  s oi a t t ack  and sugges ts  t \vo-dimensionnl abllttion and hea t  
conduction cifc,cts caused  by incre; tscd heat ing ;.it and  in the vicinity of the 
sonic  point ( r a t h e r  than  accc lc ra t ed  e r o s i o n  a t  the "oiit1>~i:ird" th t r i - i i~coup!e  
locat ion) .  M'ith the re la t ive ly  high ab la t ion  r a t e s  possible  a t  the c o r n e r  and  
two-dinicnsion;tl  i n t e rna l  conduction, i t  i s  conceivnble tha t  the one -d imen-  
s iona l  ana lys i s  of the t empera tu re  r e sponse  a t  T C  N o s .  6, 7 ,  8 would tend 
to  unde rp red ic t  the t e m p e r a t u r e  r e sponse .  Consequcnt ly ,  the r t ieasured 
t e m p e r a t u r e s  do riot n e c e s s a r i l y  indicate  :n s t e r in l  r c . r i i o x . a l  J S  iiiigl-.t be i rn-  
pl ied b y  ;L s t r i c t  one -din:cnsion;t! i n t c r p r c t s t i o n  of t h e  s e n s o r  da ta .  
contention i s  suppor ted  by f igure  6 w h e r e  the r e sponse  of TC 22 i s  p red ic t ed  
qui te  accu ra t e ly  by the  one-d imens iona l  ana lys i s ,  \vhile i t  i s  undc rp red ic t ed  
f o r  TC No. 6 located a t  the same depth.  
of TC 7 and 8 could be explained siini1,ir ly.  
9,  10, 
than predic tcd  by one dimensional  niodel, iis the t~~:o-dir i icnsional  e f fec ts  
would 1n:tnifest t he lnse lves  s t r o n g e r  with the e l apsed  t i ine (;ind t h e r e f o r e  
the r mo couple locat ion depth) .  

I t  is coincidcnt with the onse t  

Th i s  

The  f a s t e r  than  p red ic t ed  r e s p o n s e s  
F ina l ly  the r e s p o n s e  of T C ' s  

1 1 ,  and 12 also \vould be expec ted  to  proceed  a t  ;I i:iuch f a s t e r  r a t e  

- --_____ 
*'rllis .,ls,, b,,rnr t.y .,rf..,rrnr ron,-trscr,cc < ) f  1 / w  \ , A [  r ~ c c ~ ~ i n n  a n !  ~ t ~ l . i r i ~ . ~ : i  \t.n\cv f l i u 1 ~ 1  f r i t  h r n .  
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The p red ic t ed  one -dinicnsion;ll  su r f ace  r e c e s s i o n  h i s to ry  ; i t  the outboard 
thermocouple  locat ion i s  shown on f i g u r e  13. 
a b 1 a t  ion te I 1 ipcl r ;i t u r  e LVR s cc, n s i de re d . 

(extended through 490 seconds ) .  
t ion \ v a s  i n c r e a s e d  (re1ntiL.e to the nominal  heat ing for  this  1uc;ition) by 20 
pe rcen t  during that  pe r iod  \ \ hen  the angle-of-r i t tnck exceedcd  10 d e g r e c s  to  
account  fo r  thtt reduced  ef fec t ive  nose  rnd ia s  a s  the s tagnat ion point shif ted 
off the longitudiniil ax is .  Consequcntly,  the s u r i a c e  r e c e s s i o n  fo r  the ou t -  
boa rd  therniocouple  locat ion is 0.  7t3 inch cnniparcd  to 0 .  65 iiich a t  the longi-  
tudinal as i s .  

Only the r eces s ion  i o r  ;I 4 0 0 0 ° F  
A 1 so s h own for  c o i i i  pa r i s on pur  p J s e s 

The heat in~g l i i s tory  i o r  this  out!>o;ird 1oc;t - 
i 5 tl;c p y 2 %.,in ,l c: ;' ,r ntr- rl r r ,  L: c i. n p  n v ~ =  $ i c t i  0 7 7  fo t 1. P 1 ;)I] c i tr;rii 11;i 1 Ti x i  5 

A l so  shown on f igu re  1 2  i s  the pred ic ted  r e c e s s i o n  a t  the cu tboa rd  the rn io -  
couple locat ion a s suming  t rans i t ion  a t  482 seconds ,  
Reynolds  Nuniber  h i s to ry  f o r  the t r u e  f l igh t  condition ref lect ing the lnrgc  
ni iqlc-of-at tack iro:n 450 to  500 seconc !~  ind ica tes  the r e s u l t s  Slio\\  n i r i  
fi;urc 13. I t  can  b e  s e r n  that ,  ~!tlioi:gb. tritnsitic;n (;IS dt~fir tc t l  b y  n Reynolds 
Il'uniber of 150, 000)  i s  unlikc.ly lor  the zero- ; ;n~le-oi- ; l t tRr .k  C ~ J S F ,  t r ans i t i on  
m a y  o c c u r  fo r  the t r u e  f l ight  condition a f t e r  about  -482 scconds .  Even  though 
the ab la t ion  perforri i i ince of Avcoat- typc ms te r i ; t l s  i s  s t rongly  dependent  an 
thc rmture of thc flow (1:irninar o r  t u rbu len t ) ,  the net  e i i ec t  uti the Scout s u r -  
face r e c e s s i o n  h i s to ry  i s  s i i i c I1 l  due t o  the sir::ult;incbous rcipid d c c r e a s e  in 
enthalpy and 1ie;it flux a i t e r  480 seconds .  

Cslcu1;ition uf the 

1' 
1 he p rev ious  d i scuss ion  indicates  tha t  R rensonablc  doubt e x i s t s  concerning 
the fiii<:l location of the- l:c,it bhield sririltce nt thr, tiiiic o f  i:iip;tct .,rid t!i;it 
f u r t l ~ n r  ; t i i ; r ;ys i s  is  r equ i r ed  to c i < t  r i fy  tlic prubierii. 
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R A N G E  T I M  E ,  seconds 

64-  14279 

Figure 13 VfETTED LENGTH REYNOLDS NUMBER FOR OUTBOARD ( 1  1'36') 
THERMOCOUPLE LOCAT 1 ON 
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S } I O \ V I ~  in t , i l ) l c t  11 ; i r c a  the ht:;!t f!ux, s h e a r ,  p r e s s u r e ,  and enthalpy and Reynolds  
nu:iiticr i t  p e n h  heat ing ;<rid pt.dk dynr?niic p r e s s u r e  io r  Scout  R 4  and  the t \ v o  
-441'0110 t r a j e c t o r i e s .  s1iuu.s t t e  c o r r e l a t i o n  of Re \ ~ e r s u s  f I / H T ,  for 
the s a m e  t r a j e c t o r i e s .  ? h e  conipar ison is  niade f o r  Stat ion 2 2 2  fo r  Apollo,  
\X;hich is the n:ost  cr i t ic : t l  desigri location, a n d  fo r  s / s : : :  = 0. 9 5  wshich is n e a r  
ttie ou tboard  t l i ~ ~ r i i ~ c ~ c ~ ~ i i p l e  locat ion for Scout.  It i s  ininiediately ev ident  frorii 
t h , > s C  d ; i ! n  t h a t  thc Scout R -4 trrricctorv is iliox-e n e a r l y  l ike tlie ApOllO IISE-6 
t rLt jcclory thnt i  HSE - 3 A ,  bciiig r o u g h l y  c ~ ~ ~ i p a r a b l e  in  hea t  flux hut h.iving 3 
t i m e s  the s h e a r  'ind t\vicc the peak  s tagnat ion p r e s s u r e .  
fact  that  the enthalpy a t  peak heating and pc;ik dy.nnmic p r e s s u r e  is a t  l e a s t  a 
f a c t o r  of 2 grcii t t tr  for buth A p o l l ~ ~  t r ; i j ec to r i c s  than fo r  Scout.  
tias a par t i cu la r ly  s t rong  s igni i icancr  s ince  the ab la tv r  perforr t iance v a r i e s  
l inet t r ly  l i ' l iereas  the Scout R -.& t r a j e c t o r y  iiiity kJf2 cons ide red  ri 

r easonab le  (.I f ,>c tor  ~i 2 or 3 il.ore st:\-erc>) si i i iulation uf tlie Apollu c.r!iergency 
c n t r y  trajclctur). ,  the Scuiit cn.i,irontiicnt i s  ,it l e a s t  a i a c t o r  of 2.  5 in hea t  i l ux ,  
10 in  s h e a r ,  30 in prc 'ssurc  and 2 in enttinipy tilore s e v e r e  than the peak  \r;ilues 
fo r  the A p o l l o  dcs ign  t r ; r jcctory (I-ISE-3A). I t  iniiy f ~ i r t h e r  be s e e n  tha t  the t en -  
dcncy fur  t r ans i t i on  i n  the c r i t i ca l  heatinc por t ion  of the trajectory is  m o r e  l i k e l y  
f o r  Scout tlian lor eit!ii.r of the : l p o l l ~ ~  t r a j e c t o r i e s  a l tho~ igh  af  p e a k  heatin!: the 
I< c: y :io 1 d 5 N 11: I i l ~ c .  r i s 9 1 i t )  t r;i t i  i t i o n i c i  r ~i I I til r e  e t r a J e c t u r i e s , 

F i g u r e  14  

Also s ignif icant  i s  the 

Th i s  l a t t e r  point 

e r i tha lp>- .  
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Since  the da ta  p r e s e n t e d  in tab le  I1 a r e  b a s e d  on the Des ign  hlodel which, when 
c o n i p r r d  \vith g roiiiiti t e s t  flight s i~ i iu l a t ion  r e s u l t s  ind ica te  conse rva t i s rn  in 
t e m p e r a t u r e  \x:l~ilt. predict ing r eces s ion ,  ,ind s ince  the s;iiiie ana ly t ica l  technique 
hss been used t l i  cor re l ; t t e  the Scout d a t a  a t  l e a s t  through the per iod  o! i n t e r e s t  
fo r  Apollo, i t  i s  c l p p a r c n t  that  t he re  v:ill be no Lhangc in tfie Apollo des ign .  

I f ,  however ,  for  the purpose  of a rgunient ,  the s u r f a c e  r e c e s s i o n  i s  fo rced  to 
fo1lov.r the teli .pcrc-iture ~ i i eas i i r en ien t s  i rom 480 to  4 9 0  seconds  by a r b i t r a r i l y  
degrading  t h e  :it)l;itioti char ;cctcr is t ics  u sed  in the  des ign  riiodel, the ab la t ion  
predic t ion  i o r  l i>l , : - t j  \ \ , i i i  ix , * i t e r e d  iiLcL>ruiiigly.  'iiic resu i t s  lo r  f iSE-6 uf th i s  
a r b i t r a r y  reduct ion  in  hea t  of ablation a r e  shown in f igu re  15. I t  can be s e e n  
tha t  the ne t  e i i e c t  i s  a 0 .  050 inch  i n c r e a s e  in  the p red ic t ed  ablat ion to  th i ckness .  
B e c a u s e  the Apollo hea t  sh ie ld  is vast ly  ove rdes igned  in t e r m s  of total  a b l a t o r  
t h i ckness  requirei1ieil.t f o r  HSE-6, an i n c r e a s e  in  ab la t ion  of 0 .  050 inch would 
lia\.e a negligible ei!t.ct on the design confidence o r  c o n s e r v a t i s m .  
noted,  tha t  \\bilk> the dt.sign a b l a t a r  t h i ckness  i s  2 .  4.1 i nches ,  the total  p red ic t ed  
s u r f a c e  r e c e s s i d n  i s  v n l y  0.  4 2  inch.  

It should be 

. 
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fo r  IISE - 6 B re  thoe re  tic;) I r e  quire ments .  



. 

S u r f a c e  r e c e s s i o n  p rcd ic t ivns  fu r  tlie uutboa r d  ther1liOCCJuplC loca t ion ,  \r.hile b e -  
ing 33 p e r c e n t  gre:jter th;in dt the longitudinal a x i s ,  indic3te a to ta l  ;tblated depth 
of about 0. 78  inch. 
m e n t  with the  r i ieasured v a l u e s  excep t  fo r  t hose  the r inocoup les  located within 
0. 45 of the subs t r t i c tu re  ;it late ilight tiriies. 
be tween s u r f a c e  r e c e s s i o n  arid teiiipcr.iture p r i o r  t o  480 seconds ,  
after 480 seconds  \vds inft:rrod. 

P r e d i c t i o n s  of t e n i p e r a t u r e s  in  depth w e r e  in good a g r e e -  

B a s e d  on t h e  g c n c r a l  a g r e e m e n t  
r e c e s s i o n  

De s ign c o n s e r v a t i s n i  i s  inciicated throughout tha t  port ion of the t r a j e c t o r y  which 
i s  i m m e d i a t e l v  tipplicEiblc to  t h e  Apollo eiiiergenc): e n t r y  t r a j e c t o r y  (HSE-6) .  
B y  fo rc ing  ;i redilctil-!ri i n  the c s t ab l i shed  hetit of at,lation-enthalpy re1,itionship 
t o  m a t c h  the Sco[,t tt:niper.itiire -itblcttioii h i s t d r y  trorn - l & U  to -13U s econds ,  the 
Scout  data n , a y  be appl ied d i r e c t l y  tu Apol lo .  
p e r f o r n i a n c e  p;ir;in:eters ( € i \ ,  and  a )  i o r  a n  a n a l y s i s ,  the p red ic t ed  ablat ion depth 
f o r  the  Apol lo  h e a t  sh i e ld  f o r  I-ISE-6 fl ight \vould i n c r e a s e  ttpproxiiiiately 0. 0 5 0  
i nches .  Becausc  uf tlie i nhe ren t  ov t r t l e s ign  condition for HSE -6 r e l a t ive  to 
HSE-3.4, the A p ~ ~ l l o  tic?siyn t r a j e c t o r y ,  no ]:cat sh i e ld  r e d e s i g n  is reqiiirecl. In 
f ac t ,  t he  co r r r l ; i t i o i \  f o r  t l i c ,  Scout !li;'tit ;is prodiiccd t ) y  tlie dcsiFcn n;odcl t ends  
to  i n c r e a s e  the (.I>ii!idc.ricc. i n  the Apcillo 1:c;it s h i e ld  dc,.,igti. 
a n a l y s i s  of Scvut R - 4  tlight t e s t ,  the following conclusions n i a y  be rc,ached: 

Using a r b i t r a r i l y  degr;ided ah1;itive 

1 3 ~ s e c i  o n  the above  

1 .  
urt1:iierits diid t1,etlrctical p red ic t ions  \\ .is obtained d a r i n g  the p c r i o d  of ttivir 
f t i  i i  c t i o n i I i 9 . 

Good agrreir ient  betu.een t11e ablat ion a n d  c h a r  r e c e s s i o n  s e n s o r  niens-  

2. 
d ic t ion was  obt'iined for the inhoard ther inocouple  Iuc'itions. 

Good agrc-enient bctwct'n the r i i c ~ a s u r t d  teii:pcrciturc r 2spurise and p r e  - 

3. The  oiitlmcrrl tkFrn!occjuple i:ieasurcBriients a g r e e  r e l a t ive ly  w e l l  v..ith 
predictioiis  dliriric t h e  pcr iud oi  ai)latilJn s e n s o r  fnnctio:iiiig a n d  p r i o r  tu nd-  
ven t  of iargv ' t i igles of a t t ack ,  a t  which t inic the agreei t lent  d e t e r i o r c i t c s .  

4. 
ins tab i l i ty  5ii;;ilAr to  ti-l;lt ot,servc,d in 1C 10 disquiil i i ied in  rcferei!cf:  I .  
F u r t h e r  e>;;j:~.iiisticjn of  reliabi!ity of these  th t rn iocoup les  a p p e a r s  to be in  
o r d e r ,  irs ~ . c e ! :  a s  !..\~!-~iiil.ension;tl a t i s lys i s  of the expec ted  t1;erc:ocoup:e 
r e s p o n s e  itt t i i c - s c b   titins. ins. 

I t  is tx1ievc.d that tlie outboard theririocouples d i sp l ayed  syrnptonis  o f  

- 2 h -  



. 5 .  
the  ground t e s t  dat.1 i s  gene ra l ly  conserLatrve and especl<i l ly  d t  p r e s s u r e s  
g r e a t e r  than 1 a tm.  

T!ie prydict ion of s u r f a c e  r c c c - s i o n - p r e s s u r e  re ld t ionship  de r ived  f r o m  

6. 
i l  ig h t c o n  ti i t  i.) t i  L t h <i n ti? o ti e c spz  c t e d f o r A PO 11 o i l  i g  h t t r a j e c to r ;e s . 

Apollu he . j t  s!lic>ld desir:,n proceciLire i s  ve r i f i ed  under  m u c h  inore  s e v e r e  

7. 
r i s ing  ten ipar ' i tu rc ' '  data  points  a s  indicat ion of s u r f a c e  r e c e s s i u n  based  on  
one  -di!:iensit~na 1 theory .  

Se r ious  doubt e x i s t s  concerning u s e  of t e m p e r a t u r e  s e n s o r  " l a s t  smooth ly  

8. 
t u r e  s e n s o r  readings  does not indicate any r e q u i r e m e n t  for  Apollo hea t  
sh i e ld  des ign  change. 

D i rec t  use  uf "upper  bound' '  r e c e s s i o n  data  a s  d e t e r m i n e d  b y  terr lpera-  

. 
t 

. 
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